We study the ligand eŠect on the LUMO/HOMO of ligated zinc porphyrin (ZnP) by utilizing DFT. The ligated ZnPs are zinc meso-tetraphenylporhyrin (ZnTPP), zinc tetrabenzoporphyrin (ZnTBP), zinc meso-tetraphenyltetrabenzoporphyrin (ZnTPTBP) andˆve-coordination ZnTPP with imidazole (ZnTPP(Im)). The ligands decrease LUMO-HOMO energy gap (DE  ) of ligated ZnPs with respect to non-ligated ZnP, which is in good agreement with experiments. LUMO of ZnTPP and ZnTBP is stabilized by LUMO＋1 (b 1 -type, C 2v -symmetry) of respected ligands, while their HOMO is destabilized by HOMO -4 (a 1 , C 2v ) and HOMO (a 2 , C 2v ) of respected ligands. DE  of ZnTPP and ZnTBP can be adjusted by changing the ligand's electronegativity, such as halogen substitution at the ligands. Halogenated ZnTPP has DE  smaller than ZnTPP, which conrms the experiments. Geometry change in ZnP, which allows the intermolecular perturbation in the frontiers molecular orbitals, shifts LUMO/HOMO energies as it is shown for ZnTPP(Im) and ZnTPTBP. The calculated DE  of ZnTPP(Im) and ZnTPTBP are greater than that of ZnTPP and ZnTBP.
Introduction
Zinc porphyrin (ZnP) is commonly employed in photosensitizing, such as in medical application [1] [2] [3] [4] and solar cell 5, 6) . ZnP has diŠerent electronic structures with other metalloporphyrin systems (metal＝Mn, Fe, Co and Ni). These metalloporphyrins are good diatomic molecules adsorber due to the large contribution of the d-electrons of metal atoms to the lowest unoccupied molecular orbitals (LUMO) and the highest occupied molecular orbitals (HOMO) of metalloporphyrin 7, 8) . In contrast, d-electrons of Zn contribute less to LUMO and HOMO of ZnP hence it is an ine‹cient diatomic molecules adsorber 9) .
In photosensitizing, the absorption visible spectrum of ZnP becomes important feature because ZnP is activated by light in red-infrared region. Absorption band spectrum in this particular region is called Q-band. The ideal molecule in this application should have a signiˆcant absorption at the long wavelength region (near-infrared) 4) , this is to compensate the scattering in living tissue and side eŠect to non-target tissues. The presence of Zn atom in the core of porphin system (free base phorphyrins) increases Q-band intensity; however the wavelength of Q-band is shifted toward blue region 8) . The Q-band peak wavelength (l max, Q ) of ZnP depends on the ligation with other molecule. For example, in the same environment, l max, Q of zinc meso-tetraphenylporphyrin (ZnTPP) is longer than that of zinc tetrabenzoporphyrin (ZnTBP), while combining tetraphenyl and tetrabenzo ligands (zinc meso-tetraphenyltetrabenzoporphyrin (ZnTPTBP)) shifts the peak positions in wavelength toward blue region with respect to l max, Q of ZnTBP [9] [10] [11] [12] [13] . The red-shifting of ZnTPP's Q-band peak is also observed in axial ligation (formingˆve-coordination zinc complex) [16] [17] [18] .
In porphyrin system, l max, Q associates with LUMO-HOMO energy gap [19] [20] [21] : The smaller LUMO-HOMO gap energy (DE  ) is the longer l max, Q of porphyrin. This means we can shift l max, Q of ZnP by adjusting its DE  . By considering the experimental fact that l max, Q diŠers from one ligated ZnP to another, DE  of ligated ZnP can be controlled by its ligands. There is lack of theoretical explanation on the ligands eŠect on LUMO-HOMO energy gap of ligated ZnP which is motivated us to conduct this work. Our aim is to understand insightfully the eŠect of ligands on the frontier molecular orbitals of ligated ZnP (HOMO and LUMO) hence we may be able, in principle, to control DE  of ZnP based molecule.
Computational models and methods
We utilize density functional theory (DFT) 22, 23) , which is implemented in Gaussian03 suite 24) , to determine the optimized geometric structures, the electronic structures, the energy level diagrams and the charge distributions. The vibrational frequencies are also calculated to make sure the optimization results do not contain any imaginary frequency. Our DFT calculations use B3LYP exchange-correlation functional [25] [26] [27] and 6-31G(d, p) basis-set (for hydrogen, carbon, nitrogen, and ‰uorine) and LAN2LDZ basis set as the eŠective core potential (for zinc) [28] [29] [30] [31] [32] [33] . The choice of the exchange-correlation functional and basis sets are based on our previous study 9) , which the calculated geometry structures of metalloporphyrin is in good agreement with experimental data. All the calculated〈S 2 〉values vary by less than 10z of the corresponding ideal values, hence spin contamination was considered to be insu‹cient to aŠect the molecular structure of our current systems 34) .
We focus on ZnTPP, ZnTPP(Im), ZnTBP and ZnTPTBP as ligated ZnPs due to experimental data Hydrogen atoms are not shown for clarity. availability. ZnTPP is approached by modeling the ligation of ZnP with tetraphenyl (TP) and ZnTPP(Im) is formed from ligation of ZnP with imidazole (Im) which makesˆve-coordination zinc complex. ZnTBP is approached by modeling the ligation of ZnP with tetra-C 4 H 4 . ZnTPTBP is formed from ligation ZnTBP with tetraphenyl. The skeleton of ligated-ZnP, phenyl and imidazole together with their nomenclatures are shown in Fig. 1 and Fig. 2 . The optimized geometry of single phenyl is C 2v symmetry, while C 4 H 4 is optimized under C 2v symmetry constraint. Tetraphenyl and tetra-C 4 H 4 are modeled by arranging four phenyls and C 4 H 4 , respectively, in similar geometry to the one in ZnTPP and ZnTBP, respectively. Tetraphenyl and Tetra-C 4 H 4 are optimized under D 4 and D 4h symmetry constraint, respectively.
Results and discussion

Geometric structures
Some selected geometry parameters of optimized structures of our current systems are listed in Table 1 . All current systems favor singlet spin as their ground states. This shows that the presence of ligands does not change the spin conˆguration of ZnP systems, which is expected because the ground state of all isolated ligands is also in singlet state. However, molecular symmetry of some ligated ZnPs is aŠected. ZnTBP maintains the molecular symmetry of the core, ZnP, which is D 4h ; tetraphenyl breaks the symmetry of the core along the vertical axis that makes ZnTPP belong to D 4 symmetry group. Imidizole sets itself in the axis of ZnTPP (x-axis in this case) that allows ZnTPP(Im) having Cs symmetry. The presence of imidazole distracts Zn position such that N-Zn-N conˆguration is no longer planar. N-Zn-N conˆguration is also non-planar in ZnTBTPP and it is predicted to be saddled S4 structures as shown in Fig. 3 . The non-planar geometry of ZnTBTPP, which is also predicted by other DFT calculation 15) , conˆrms the experimental observation done by Sugawara et al 35) .
The frontier molecular orbital of non-ligated ZnP
The calculated HOMO-1, HOMO and LUMOs (frontier molecular orbitals, FMOs) of ZnP 7) are comparable with the established poprhyrin's four-orbital model 19) . The electronic structures of non-ligated ZnP that are used in this manuscript are referred to our previous study 7) , where the LUMOs (-2.17 eV) have e g symmetry, while HOMO (-5.18 eV) has a 2u symmetry and HOMO-1 (-5.22 eV) has a 1u symmetry. The orbital wavefunction of these FMOs are shown in Fig. 4 . For simplicity, only e g, x symmetry of LUMOs in ZnP systems is considered in the discussion.
The important features of these FMOs in this study are related to four types of position in ZnP core: at the center (Zn atom) and at the position of g, b1 and b2 (C atom). The reason is because ligation of ZnP makes direct contact with at least one of these four types of position. FMOs consisting of p z (C g ) are in‰uenced by tetraphenyl ligands (LUMO and HOMO). FMOs con- sisting of p z (C b1 and C b1 ) are in‰uenced by tetra-C 4 H 4 ligand (LUMO and HOMO-1). FMO consisting of p z (Zn) is in‰uenced by imidazole ligand. The weight of atomic orbital contribution to FMOs at these four types of position is listed in Table 2 .
The frontier molecular orbital of ligated ZnP
The calculated FMO energy level diagrams for the current systems are drawn in Fig. 5 . In general, the presence of ligand decreases LUMO-HOMO energy gap with respect to non-ligated ZnP. The trend of DE  (ZnTPP)ÀDE  (ZnTBP)ÀDE  (ZnTPTBP) are in good agreement with the experimental data where l max, Q (ZnTPP)ºl max, Q (ZnTBP)ºl max, Q (ZnTPTBP) in the same environment [11] [12] [13] [14] [15] (see Table 3 ). In the following sections, we discuss the ligand eŠects in detail on the FMOs of ZnP from orbital interactions approach.
ZnTPP and halogenated ZnTPP
By considering the orbital symmetry, LUMOs(ZnP) can interact with unoccupied e-orbitals of TP. One of the unoccupied e-orbitals of TP is related to b 1 -orbital of phenyl (it is LUMO＋1 in both phenyl and tetraphenyl). LUMO(ZnP)-LUMO＋1(TP) interaction forms two new orbitals: stabilized and destabilized ones. The stabilized orbital, which now is LUMO(ZnTPP), is lower in energy with respect to that of non-ligated ZnP. The same principle is applied for HOMO(ZnP): It can interact with the occupied a 2u -orbital of TP. The occupied a 2u -orbital of TP is related to a 1 -orbital of phenyl (they are HOMO-4 in both phenyl and tetraphenyl). The destabilized one of theˆnal orbital becomes HOMO(ZnTPP). The energy level diagram of these orbital interactions are shown by Fig. 6(a) and theˆnal orbital wavefunctions are shown in Fig. 7(a) and (b) . The weight of p z (Cp1) orbitals in LUMO＋1 and HOMO-4 of tetraphenyl is listed in Table 4 .
The amount of HOMO destabilizing/LUMO stabilizing energy in ZnTPP (with respect to non-ligated ZnP) is proportional to the overlapping p z -orbitals of C g -C p1 34) . All four p z (C g ) in HOMO(ZnP) are in-phase, while only two of p z (C g ) in LUMO(ZnP) are in-phase (see Fig. 4 (a) and (c)). This aŠects the total overlapping p z (C g )-p z (C p1 ) orbitals where the overlapping is greater in HOMO than in LUMO of ZnTPP. Theˆnal result conˆrms this argument.
The energy diŠerence of HOMO(ZnTPP)-HOMO(ZnP) is 0.22 eV (destabilized), while that of LUMO(ZnTPP)-LUMO(ZnP) is 0.03 eV (stabilized). As a consequence, DE  of ZnTPP is smaller than that of ZnP. This result conˆrms the MCD spectroscopy by Mack et al. which shows that l max, Q of ZnTPP is longer than that of ZnP 15) (see Table 3 ).
DE  of ZnTPP, in principle, can be adjusted by shifting LUMO/HOMO energy of ZnP. The amount of stabilizing/destabilizing energy of a new orbital that is formed from two interacting orbital is inversely proportional to energy diŠerence of the two original orbitals 36) . To achieve a lower DE  , HOMO(ZnP) needs to be more destabilized and LUMO(ZnP) needs to be more stabilized. HOMO(ZnTPP) can be made higher in energy by lowering HOMO-4(TP) energy, while LUMO(ZnP) can be made lower in energy by rising LUMO＋1(TP) energy.
One way to lessen DE  of ZnTPP is to make phenyl gains more electronegativity since electronegativity perturbation will lower the molecular orbital energies of the molecules 34) . We check the eŠect of electronegativity perturbation by substituting H atom at meso-position (at C p4 ) of each phenyl with F atom. The weight of p z orbital in LUMO＋1 and HOMO-4 before and after halogenation are listed in Table 4 . Even though both orbitals are stabilized after halogenation, only stabilization of LUMO＋1(TP) is signiˆcant with respect to stabilization of HOMO-4(TP) (see Fig. 6 (b) for the energy level diagram and Fig. 7(c) and (d) Table 3 ).
ZnTBP and halogenated ZnTBP
By applying the same concept as before, LUMOs(ZnP) interact with unoccupied e g -orbitals of tetra-C 4 H 4 ; HOMO-1(ZnP) interacts with occupied a 2u -orbital of tetra-C 4 H 4 as seen in Fig. 8 . The weight of p z -orbitals is listed in Table 4 . The calculated DE  of ZnTBP is smaller than that of ZnTPP, which conˆrms experimental results which show that l max, Q of ZnTBP is longer that of ZnTPP 11, 14) .
The geometry of ligand with respect to the ZnP core needs to be considered as well to understand theˆnal FMOs formation of ZnTBP. While stabilization of LUMO(ZnTBP) is comparable with that of LUMO(ZnTPP), destabilization of HOMO(ZnTBP) is higher than that of HOMO(ZnTPP), with respect to its corresponding orbitals of ZnP. The destabilization energy of HOMO(ZnTBP) is 0.59 eV, with respect to HOMO-1(ZnP). This signiˆcant diŠerence is mainly contributed by the geometric structures of tetraphenyl/tetra-C 4 H 4 with respect to the ZnP core. The normal direction of tetraphenyl tilts about 70°from the normal direction of ZnP (dihedral angel, see Table  1 ), while the normal direction of tetra-C 4 H 4 is parallel to that of ZnP. Since the overlapping p z orbitals is angular dependence 36) , the overlapping is maximum for p z (C b1/2 )-p z (C b3/6 ) orbital pairs.
It is interesting to note that a 2u -orbital of ZnP is stabilized in ZnTBP. The calculation results show that a 2u -orbital of ZnTBP contains LUMO＋1 (the unoccupied e g -orbitals) of tetra-C 4 H 4 . This suggests that the stabilization of a 2u -orbital is caused by the intramolecular perturbation 36) which is possible since p z orbitals of the pair C b1 -C b1 in a 2u (ZnP) are in-phase with p z orbitals of the pair C b3 -C b6 in LUMO＋1 of tetra-C 4 H 4 .
Halogenation tetra-C 4 H 4 at the b3 and b4 positions (becoming tetra-C 4 F 2 H 2 ) yields to the same eŠect as it is in tetraphenyl, which is lowering LUMO＋1 and HOMO of tetra-C 4 H 4 . However, both LUMO＋1 and HOMO of tetra-C 4 H 4 are stabilized signiˆcantly due to the halogenation (see Fig. 8(b) ). The calculated DE  of halogenated ZnTBP is higher than that of ZnTBP. To the best of our knowledge, halogenated ZnTBP that we use in this calculation has yet to exist in the experimental lab. Therefore, we have no experimental data for the comparison.
These results also suggest that halogenated b 1 -like orbital (C 2v symmetry, as it is LUMO＋1 of phenyl and C 4 H 4 ), and halogenated a 2 -like orbital (C 2v symmetry, as it is HOMO of C 4 H 4 ) signiˆcantly aŠects DE  of ligated ZnP. On the other hand, halogenated a 1 -like orbital (C 2v symmetry, such as HOMO-4 of phenyl) does not sig- Fig. 9 .
Imidazole makes s-bonding with ZnP through between p z (N5)-d z2 (Zn). The p z orbital of N5 appears in two orbitals: in bonding orbital (forming s-bonding) and in antibonding orbital (forming s-antibonding) with its neighbor atoms, C i1 and C i3 . The bonding one has orbital energy about -10.9 eV and it interacts with a 1g -orbital of ZnP through d z2 of Zn (the a 1g (ZnP) energy is about -11.4 eV) as shown in Fig. 10 . The antibonding one has orbital energy about -7.1 eV (which is the HOMO-1 of imidazole) and it interacts with p z (Zn) in HOMO(ZnP) hence a 2u -orbital is destabilized in ZnP(Im) (see Fig. 9 ).
On the other hand, LUMO(ZnP) which contains d xz /d yz orbital of Zn atom cannot have an overlapping with p z (N5). The destabilization of LUMO in ZnP(Im) is due to the geometry change in the ZnP core. The optimized geometry of ZnP(Im) has Zn atom shifted toward atom N5. The N1-Zn-N3 is no longer planar, it has angle about 160°. To understand the nonplanar eŠect to LUMO(ZnP)/HOMO(ZnP), we check the p-antibonding in related orbitals for a simple N-Zn(N)-N conˆgu-ration (see Fig. 11(a) ). In this simple N-Zn(N)-N conguration, its LUMO＋2 is related to LUMO(ZnP). The wavefunctions (for the planar and nonplanar ones) are shown in Fig. 11(b) and (c) where it can be seen that the weight of p z orbitals from N1 and N3 are decreasing and the weight of dxz orbital from Zn is increasing in the nonplanar conˆguration. As the consequence, the orbital energy of the nonplanar conˆguration is 0.39 eV higher than that of the planar. The similar eŠects occur in ZnP(Im), as well as in ZnTPP(Im). The LUMO wavefunction of ZnP(Im) is shown in Fig. 12(a) .
The nonplanar geometry in the ZnP core also in‰uences the a 2u -orbital. In planar conˆguration, the a 2u -orbital contains p-bonding of N1-Zn-N 3 through p z -p z -p z orbitals. In nonplanar conˆguration, the N1-Zn-N3 connection becomes p z -d x2-z2 -p z orbitals such that the d x2-z2 -orbital breaks half of the p-bonding (see Fig.  12(b) ). Therefore, the overlapping orbital in a 2u -orbital decreases hence the orbital energy increases (the orbital is destabilized). The d x2-z2 originates from HOMO-3 of ZnP. HOMO-3 of ZnP also has e g symmetry, it lies 1.44 eV in energy below the HOMO and contains d xz /d yz Fig. 12 The cross-section in xz-plane of the wavefunctions of (a) LUMO and (b) HOMO of ZnP(Im). Atoms are hidden for clarity. orbital of Zn atom. The d xz of HOMO-3 acts as the intramolecular perturbation as the results of geometry change 36) . Theˆnal FMOs of ZnTPP(Im) is shown in Fig. 13 . Destabilization of the LUMO (with respect to LUMO(ZnTPP)) is due to the nonplanar geometry in N-Zn-N conˆguration. Destabilization of the HOMO (with respect to HOMO(ZnTPP)) is due to ZnTPP-imidazole orbital interactions and from geometry change in ZnP core. The calculated DE  (ZnTPP(Im)) is smaller than that of DE  (ZnTPP). This conˆrms the UV-vis spectroscopy done by Nappa and Valentine 16) which shows that l max, Q of ZnTPP(Im) is longer than that of ZnTPP (see Table 3 ).
ZnTPTBP
The presence of tetraphenyl in ZnTBPˆrstly changes the geometry of the ZnP core (see Fig. 3 ); therefore the FMOs formation of ZnTPTBP involves the orbital interactions and geometry change. These two factors must be taken into consideration to explain destabilization of LUMO, HOMO and HOMO-1 of ZnTPTBP. The wavefunctions of FMOs wavefunctions of ZnTPTBP is shown in Fig. 14 .
The strong destabilization of HOMO-1(ZnTBP) as shown in Fig. 5 can be understood as follows. HOMO-1(ZnTBP), which is related to a 2u (ZnP), is subject to the interaction with HOMO-4(TP) and the geometry change. The interaction with HOMO-4(TP) destabilizes the a 2u -orbital in similar way with ZnTPP case. And due to the geometry change, the HOMO-1(ZnTPTBP) contains d xy (Zn) as the results of intramolecular perturbation with b 1g -orbital of ZnP (see Fig. 14(a) ). The b 1g (ZnP) contains d xy (Zn) and it lies 1.8 eV below HOMO(ZnP).
HOMO(ZnTBP), which is related to a 1u (ZnP), does not interact with p z orbitals of tetraphenyl. However, the p z orbitals in a 1u (ZnP) are subject to the geometry change (see Fig. 14(b) ). The same idea in ZnTPP(Im) is applied here hence the HOMO(ZnTPTBP) is destabilized (with respect to HOMO(ZnTBP).
LUMO(ZnTPTBP) is subject to both the interaction with LUMO＋1(TP) and the geometry change. LUMO(ZnTBP)-LUMO＋1(TP) orbital interactions yields to stabilization of HOMO(ZnTPTBP). However, the calculation results suggest that the eŠect of geometry change is larger here hence theˆnal result is the destabilization of LUMO(ZnTPTBP). Theˆnal FMOs of ZnTPP decrease DE  with respect to ZnTBP. This conrms UV-vis spectroscopy which show that l max, Q of ZnTBTPP is longer than that of ZnTBP 13, 14) (see Table  3 ).
Conclusion
We have studied the ligand eŠects on the electronic
